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We investigate the decay B0s ! J=cKþK for invariant masses of the KþK pair in the range 1:35<
MðKþKÞ< 2 GeV. The data sample corresponds to an integrated luminosity of 10:4 fb1 of p p
collisions at
ﬃﬃ
s
p ¼ 1:96 TeV accumulated with the D0 detector at the Fermilab Tevatron collider. From
the study of the invariant mass and spin of the KþK system, we find evidence for the two-body decay
B0s ! J=c f02ð1525Þ and measure the relative branching fraction of the decays B0s ! J=c f02ð1525Þ and
B0s ! J=c to be Rf0
2
= ¼ 0:19 0:05ðstatÞ  0:04ðsystÞ.
DOI: 10.1103/PhysRevD.86.092011 PACS numbers: 13.25.Hw, 14.20.Gk
I. INTRODUCTION
In the standard model [1], the mixing of quarks origi-
nates from their interactions with the Higgs field causing
the quark mass eigenstates to be different from the quark
flavor eigenstates. Constraints on the mixing phases are
obtained from measurements of the decays of neutral
mesons. Decays to final states that are common to both
partners of a neutral-meson doublet are of particular
importance. The interference between the amplitude of the
direct decay and the amplitude of the decay following the
particle-antiparticle oscillation may lead to a CP-violating
asymmetry between decays of mesons and antimesons.
The decays B0s ! J=cX, where X stands for a pair of
charged kaons or pions, are a sensitive probe for new
phenomena because the CP-violating phase that appears
in such decays is predicted in the standard model to be
close to zero with high precision [2].
The first observation of the decay sequence B0s !
J=c f02ð1525Þ, f02ð1525Þ ! KþK, was recently reported
by LHCb [3]. The spin J ¼ 2 assignment for the KþK
pair was based on excluding pure J ¼ 0. In this article,
we confirm the presence of the decay B0s ! J=cKþK
with KþK invariant masses MðKþKÞ close to
1.52 GeV and we determine that the spin of the
KþK resonance is consistent with J ¼ 2 and is pre-
ferred over J ¼ 0 or J ¼ 1 assignments. We identify the
resonance as the f02ð1525Þ meson and measure the
branching fraction relative to the well established decay
B0s ! J=c.
II. DETECTOR
The D0 detector consists of a central tracking system, a
calorimetry system and muon detectors, as detailed in
Refs. [4–6]. The central tracking system comprises a sili-
con microstrip tracker (SMT) and a central fiber tracker,
both located inside a 1.9 T superconducting solenoidal
magnet. The tracking system is designed to optimize track-
ing and vertexing for pseudorapidities jj< 3, where
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 ¼  ln½tanð=2Þ and  is the polar angle with respect to
the proton beam direction.
The SMT can reconstruct the p p interaction vertex (PV)
for interactions with at least three tracks with a precision of
40 m in the plane transverse to the beam direction and
determine the impact parameter of any track relative to the
PV with a precision between 20 and 50 m, depending on
the number of hits in the SMT.
The muon detector surrounds the calorimeter. It consists
of a central muon system covering the pseudorapidity
region jj< 1 and a forward muon system covering the
pseudorapidity region 1< jj< 2. Both systems consist
of a layer of drift tubes and scintillators inside 1.8 T
toroidal magnets and two similar layers outside the toroids.
III. EVENT RECONSTRUCTION AND
CANDIDATE SELECTION
The analysis presented here is based on a data sample
corresponding to an integrated luminosity of 10:4 fb1
accumulated between February 2002 and September 2011
at the Fermilab Tevatron collider. Events are collected with
single-muon and dimuon triggers. Some triggers require
the presence of tracks with a large impact parameter with
respect to the PV. The events selected exclusively by these
triggers are removed from our sample.
Candidate B0s ! J=cKþK, J=c ! þ events are
required to include two oppositely charged muons accom-
panied by two oppositely charged tracks. Both muons are
required to be detected in the muon chambers inside the
toroidal magnet, and at least one of the muons is required
to be also detected outside the toroid. Each of the four
tracks is required to have at least one SMT hit. In addition,
the kaon candidates are required to have at least two hits in
the SMT, at least two hits in the central fiber tracker, and a
total of at least eight hits in both detectors.
To form B0s candidates, muon pairs in the invariant mass
range 2:9<MðþÞ< 3:3 GeV, consistent with J=c
decay, are combined with pairs of oppositely charged
particles (assigned the kaon mass), consistent with produc-
tion at a common vertex. A kinematic fit under the B0s
decay hypothesis constrainsMðþÞ to the Particle Data
Group [1] value of the J=c mass and the four tracks to a
common vertex. The trajectories of the four B0s decay
products are adjusted according to this kinematic fit. In
events where multiple candidates satisfy these require-
ments, we select the candidate with the best fit probability.
The 2 of the fit is required to be less than 15, for a total
number of degrees of freedom of 4. We require that the
transverse momenta of the B0s and K
 mesons are larger
than 8 and 0.7 GeV, respectively. To suppress background
from the decay B0 ! J=cKð892Þ, we require the kaon
pair to have an invariant mass greater than 1 GeVunder the
K hypothesis.
To reconstruct the PV, we select tracks that do not
originate from the candidate B0s decay and apply a
constraint to the average beam-spot position [4] in the
transverse plane. We define the signed decay length of a
B0s meson, L
B
xy, as the vector pointing from the PV to the
decay vertex, projected on the B0s transverse momentum
pT . The proper decay time of a B
0
s candidate is given by
t ¼ MBs ~LBxy  ~p=ðp2TÞ where MBs is the world-average B0s
mass [1] and ~p is the particle momentum. To increase B0s
signal purity and reject prompt background, we require the
proper decay length to be greater than 200 m. The dis-
tribution of the uncertainty on the proper decay length
peaks around 25 m and has a long tail extending to
several hundred microns. To remove poorly reconstructed
events in the tail, we require the uncertainty of the proper
decay length to be less than 100 m.
IV. MONTE CARLO SAMPLES
Some aspects of this analysis require information that
cannot be derived from data. We rely onMonte Carlo (MC)
simulated samples to derive templates of the distributions
of the signal B0s ! J=c f02ð1525Þ and of the main back-
ground components, and to derive the detector acceptance
as a function of decay angles and the relative acceptance
for the decays B0s ! J=c and B0s ! J=c f02ð1525Þ.
We use PYTHIA [7] to generate B0s mesons and EVTGEN
[8] to simulate their decay. In all simulated samples the
final states are assumed to have no polarization. The
samples have been processed by the detector simulation
and the standard event reconstruction. To take into account
the effects of the instantaneous luminosity, the MC
samples are overlaid with data events collected during
random beam crossings. We have generated events con-
taining the decays B0s ! J=c f02ð1525Þ, B0s ! J=c,
B0 ! J=cK2ð1430Þ, and B0 ! J=cK0ð1430Þ.
V. B0s ! J=cKþK SIGNAL EXTRACTION
The distribution of the B0s candidate mass
MðJ=cKþKÞ as a function of MðKþKÞ for accepted
events is shown in Fig. 1. The data show a structure
consistent with the decay B0s ! J=c f02ð1525Þ. Another
possibility for the observed structure near MðKþKÞ ¼
1:5 GeV is the decay B0s ! J=c f0ð1500Þ. The two states
have very different branching fractions to þ and
KþK. The branching fractions [1] are Bðf0ð1500Þ !
Þ ¼ ð34:9 2:3Þ%, Bðf0ð1500Þ!K KÞ¼ð8:61:0Þ%,
Bðf02ð1525Þ!Þ ¼ ð0:82 0:15Þ%, and Bðf02ð1525Þ !
K K ¼ ð88:7 2:2Þ%. If the MðKþKÞ peak is due to the
f0ð1500Þ, a larger peak is expected near MðþÞ ¼
1:5 GeV. If the MðKþKÞ peak is due to the f02ð1525Þ
meson, a negligibly small peak is expected in the
MðþÞ distribution. From the lack of significant B0s
signal in the þ channel, presented in Fig. 2, we con-
clude that the observed state is not the f0ð1500Þ meson.
However, as observed by others [3,9], a similar distri-
bution may also result from decays of B0 mesons where the
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J=c meson is accompanied by a K resonance, and a pion
from the decay K ! K is assigned the kaon mass.
There are two KJð1430Þ states, degenerate in mass but
differing in width,  ¼ 0:109 0:005 GeV for J ¼ 2 and
 ¼ 0:27 0:08 GeV for J ¼ 0 [1]. Simulated distribu-
tions of B0s mass versusMðKþKÞ for misidentified decays
B0 ! J=cK2ð1430Þ and B0 ! J=cK0ð1430Þ are shown
in Fig. 3. In the case of J ¼ 0, we use the full I ¼ 1=2 K
elastic scattering S-wave amplitude [9] composed of
K0ð1430Þ and a nonresonant term.
As seen in Fig. 3, the decays B0 ! J=cKJð1430Þ with
J¼ 0, 2 can mimic the decay B0s ! J=c f02ð1525Þ, with the
apparent B0s mass peak position increasing withMðKþKÞ.
We take this peaking background into account by construct-
ing templates of the B0s mass distribution in steps of the
KþK invariant mass of 50 MeV. Examples of the tem-
plates are shown in Figs. 4 and 5. Figure 6 shows the
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FIG. 1. (a) Invariant mass of the B0s candidates as a function of MðKþKÞ as well as (b) and (c) one-dimensional projections. The
observed structure is consistent with a decay B0s ! J=cKþK proceeding through f02ð1525Þ or f0ð1500Þmesons. (d) Invariant mass of
the B0s mesons as a function of MðKþKÞ for the simulated decay B0s ! J=c f02ð1525Þ as well as (e) and (f) one-dimensional
projections.
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FIG. 2 (color online). Distribution of the invariant mass
MðþÞ. The solid and dashed vertical lines represent the
world-average mass and the natural width of the f0ð1500Þ meson
[1], respectively.
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simulated B0s ! J=c f02ð1525Þ signal in the same
MðKþKÞ ranges, with fits to a sum of two Gaussian
functions.
Other possible sources of peaking background include
B-meson decays to J=c mesons accompanied by the
J ¼ 1 and J ¼ 3 resonances Kð1410Þ and K3ð1780Þ.
The former decays predominantly to Kð892Þ. When the
kaon mass is used for both tracks, the latter resonance
would peak at MðKþKÞ greater than 1.78 GeV.
The candidate mass distribution in the range 1:45<
MðKþKÞ< 1:60 GeV and j cosc j< 0:8 is shown in
Fig. 7, where c is the helicity angle defined in Sec. VI.
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FIG. 3. (a) Invariant mass of the B0s candidates versus MðKþKÞ for simulated decay B0 ! J=cK2ð1430Þ; K2 ! K, with the
pion assigned the kaon mass, as well as (b) and (c) one-dimensional projections. (d) K S-wave contribution [9] to the decay
B0 ! J=cK, with the pion assigned the kaon mass as well as (e) and (f) one-dimensional projections.
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A fit of templates for the B0s ! J=cKþK decay,
the B0 ! J=cK2ð1430Þ and S-wave K background
and a linear combinatorial background, yields 534 101
B0s ! J=cKþK events. The relative rate of the S andD
K wave is constrained to the ratio of 3:2 reported in
Ref. [9].
To extract the B0s signal yield, we use the B
0
s mass
distribution for MðKþKÞ between 1.35 and 2 GeV. We
fit the simulated signal templates to the data, with the mass
parameter of the core Gaussian function in eachMðKþKÞ
bin scaled by a factor of 0:9982 0:0008 obtained by
matching the simulation and data as shown in Fig. 7.
Figure 8 shows the B0s mass fits using the templates for
the signal B0s ! J=c f02ð1525Þ and for the B0 ! J=cK2
ð1430Þ and B0 ! J=cK0ð1430Þ reflections. In these fits we
allow the relative rates of the S andD K contributions to
vary. Note that a nonresonant KþK component is implic-
itly included in the signal part of these fits. In addition to
the peaking background there is a background due to
random combinations and partially reconstructed B-meson
decays, described by a linear function. We allow the rela-
tive normalization of the two KJ states to vary in each fit.
The normalization parameters of the B0s signal and back-
ground components are not constrained to be positive in
order to obtain unbiased results for rates close to zero. We
have conducted toyMC ensemble tests and we confirm that
there are no biases on signal yield introduced by the
described fitting procedure.
DØ, MC
N
 / 
20
 M
eV
5.2 5.4 5.6 5.8
0
20
40
60
80
)<1.45 GeV-K+1.40<M(K
5.2 5.4 5.6 5.8
0
50
100 )<1.60 GeV
-K+1.55<M(K
5.2 5.4 5.6 5.8
0
5
10
15
)<1.75 GeV-K+1.70<M(K
) (GeV)-K+K-µ+µM(
FIG. 5. Invariant mass of B0 mesons from the simulated K S-wave contribution [9] to the decay B0 ! J=cK, where the pion
is assigned the kaon mass, for a sampling of different MðKþKÞ ranges. The distributions are fitted with a sum of two Gaussian
functions with free masses, widths, and relative normalizations.
DØ, MC
N
 / 
20
 M
eV
5 5.2 5.4 5.6 5.8
0
100
200
300 )<1.45 GeV
-K+1.40<M(K
5 5.2 5.4 5.6 5.8
0
500
1000 )<1.60 GeV
-K+1.55<M(K
5 5.2 5.4 5.6 5.8
0
20
40
60
80 )<1.75 GeV-K+1.70<M(K
) (GeV)-K+K-µ+µM(
FIG. 6. Invariant mass of B0s mesons from the simulated decay B
0
s ! J=c f02ð1525Þ for a sampling of different ranges ofMðKþKÞ.
The distributions are fitted with a sum of two Gaussian functions with free masses, widths, and relative normalization.
) (GeV)-K+K-µ+µM(
5.2 5.4 5.6 5.8
Ev
en
ts
 / 
20
 M
eV
0
200
400
600
800 -1DØ Run II, 10.4 fb (a)Data
Full Fit
Signal
(1430)J
*K
Bkg
) (GeV)-K+K-µ+µM(
5.2 5.4 5.6 5.8
Ev
en
ts
 / 
20
 M
eV
0
200
400
600
800 -1DØ Run II, 10.4 fb (b)
FIG. 7 (color online). Invariant mass of the B0s candidates with 1:45<MðKþKÞ< 1:6 GeV. Curves show (a) the result of the fit
allowing for a free B0s signal yield (dashed-dotted lines) and a background composed of a 3:2mixture of B
0 ! J=cK decays with
the K system in the J ¼ 0 and J ¼ 2 states (dashed lines) and a combinatorial component described by a linear function (dotted
lines), and (b) the result of the fit assuming the same background model but setting the B0s signal rate to zero.
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As seen from Fig. 8, the fitted yields for the B0 !
J=cK2ð1430Þ and B0 ! J=cK0ð1430Þ decays exceed
the B0s signal in most of the 11 subsamples, although the
data do not provide a significant constraint on their relative
strength. For an independent study of this background, we
select events in the range 5:4<MðJ=cKþKÞ<
5:6 GeV, where the B0 ! J=cKJð1430Þ decays dominate
over the B0s signal. In Fig. 9 we show the MðKÞ
distribution for these events. A fit of a relativistic Breit-
Wigner J ¼ 2 resonance at a fixed mass of 1.43 GeV and
with a floating width, over a background described by a
second-order polynomial function, yields 3386 390
Kð1430Þ resonance events. This is in agreement with the
total number of events ascribed to the Kð1430Þ reflection
in this mass range. The best fit result for the width is
 ¼ 0:162 0:019 GeV that is in between the widths of
the J ¼ 2 and J ¼ 0 states. This study shows that we
cannot establish the dominance of one background
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FIG. 8 (color online). Invariant mass of candidates for the decay B0s ! J=cKþK in a sampling of different MðKþKÞ ranges.
Each fit uses a template derived from the B0s signal simulation, a combination of the templates for the decays B
0 ! J=cKJð1430Þ,
KJð1430Þ ! K, J ¼ 1, 2, as shown in Figs. 4 and 5, and a linear function describing the combinatorial background. The fit is
performed in the range 5:25<MðJ=cKþKÞ< 5:7 GeV, used to avoid the steeply falling background from multibody decays of B
mesons at lower masses and the steeply rising background from decays B ! J=cK at higher masses. Neither the B0s signal nor
background components are constrained to positive values in order to obtain unbiased results for rates close to zero.
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FIG. 9. Invariant mass distribution of the meson pair from the
B0s candidates in the mass range 5:4<MðJ=cKþKÞ<
5:6 GeV, under the K hypothesis. The curve shows the fit
of a relativistic Breit-Wigner J ¼ 2 resonance at a fixed mass of
1.43 GeVand with a floating width, over a background described
by a second-order polynomial function.
V.M. ABAZOV et al. PHYSICAL REVIEW D 86, 092011 (2012)
092011-8
component over the other with the present data. Figure 10
shows the B0s signal yield versusMðKþKÞ from data after
taking into account the B0 ! J=cK2ð1430Þ and B0 !
J=cK0ð1430Þ templates and a linear background.
VI. SPIN OF KþK STATE
In Sec. V, we have presented evidence for the decay
B0s ! J=cKþK in the range MðKþKÞ> 1:35 GeV.
The MðKþKÞ distribution peaks near 1.5 GeV. In this
section we study the spin of the KþK system in the range
1:45<MðKþKÞ< 1:60 GeV.
A KþK system can be in any natural parity state, JP ¼
0þ, 1, 2þ, etc. We consider the values J ¼ 0, 1, and 2 for
the spin of the observed structure.
The final state can be described by three independent
angles. We define them as follows: H is the angle between
the direction ofþ and B0s direction in the J=c rest frame,
c is the angle of the Kþ meson with respect to the B0s
direction in the KþK rest frame, and H is the angle
between the two decay planes, as shown in Fig. 11. The
angular distribution for the decay of a spinless meson into
the spin-one meson J=c and a meson of unknown spin
J can be expressed in terms of H1 ¼ cosH, H2 ¼ cosc ,
and H as follows [10]:
d
d
/ jAJmYm1 ðH1; HÞYmJ ðH2; 0Þj2DðÞ; (1)
where YmJ are spherical harmonics, AJm are complex ampli-
tudes corresponding to spin J and helicitym, and is either
H1, H or H2, and the sum extends over equal helicities of
the daughter particles, m ¼ 0 or m ¼ 1. The factor D is
the acceptance of the event selection. Its dependence on the
three angular variables is shown in Fig. 12.
Due to limited statistics and a large background, we
focus on the cosc distribution obtained by integrating
the angular distribution over cosH and H, taking into
account the variation of the acceptance as a function
of cosH. We extract the B
0
s signal rate as a function of
j cosc j by fitting the candidate mass in five regions of
j cosc j. The data and fit results are shown in Fig. 13. The
resulting distribution, corrected for acceptance, is shown in
) (GeV)-K+M(K
1.4 1.6 1.8 2
Ev
en
ts
 / 
50
 M
eV
-200
0
200
400
-1DØ Run II, 10.4 fb
FIG. 10 (color online). The B0s signal yield as a function of
MðKþKÞ obtained from the fits shown in Fig. 8. The outer and
inner error bars correspond to the statistical uncertainties with
and without systematic uncertainties added in quadrature.
FIG. 11 (color online). Definition of the decay angles H, H ,
and c in the helicity basis for the sequential decay B0s ! J=cX,
J=c ! þ, X ! KþK.
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FIG. 12 (color online). Angular dependence of the detection
and event selection acceptance of the decay B0s ! J=c f02ð1525Þ
from simulations as a function of (a) cosH, (b) H, and
(c) cosc . The acceptance is found to be independent of the
angle H. For cosH and cosc , we fit the acceptance depen-
dence with symmetric fourth-order polynomial functions.
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Fig. 14. Systematic uncertainties due to the shape of com-
binatorial background, signal model, and acceptance, are
added in quadrature. In the region j cosc j> 0:8, the large
background prevents obtaining a reliable fit.
For J ¼ 0, the expected distribution is isotropic. For
J ¼ 1, the cosc distribution without the acceptance factor
is given by
d
d cosc
/ F10ð2cos2c Þ þ ð1 F10Þsin2c ; (2)
where F10 is the ratio of the rate J ¼ 1, m ¼ 0 to the total
J ¼ 1 rate. For a superposition of J ¼ 0 and 2, with a free
relative normalization, the cosc distribution is obtained
from
d
d cosc
/

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
F20ð1F0Þð5=4Þ
q
ð3cos2c  1Þ þ expði0Þ
ﬃﬃﬃﬃﬃﬃ
F0
p 
2
þ 15
2
ð1F20Þð1F0Þsin2c ð1 sin2c Þ; (3)
where F20 is the ratio of the rate J ¼ 2, m ¼ 0 to the total
J ¼ 2 rate, and F0 is the J ¼ 0 fraction with relative phase
angle 0.
Figure 14 shows that the data favor J ¼ 2, hence the
peak is identified with the f02ð1525Þ meson. The fit proba-
bilities for pure J ¼ 0 and pure J ¼ 1 are 2:8 102 and
9:8 103, respectively. For J ¼ 2 the fit probability is
0.27. The data are also consistent with a coherent superpo-
sition of J ¼ 0 and J ¼ 2 states. With F20 ¼ 1, we obtain
the S-wave fraction of F0 ¼ 0:06 0:16 and a fit proba-
bility of 0.37.
VII. SIGNAL YIELD
The measured decay rate of a particle resonance as a
function of the invariant mass of the final state is described
by the relativistic Breit-Wigner function (RBW) [1] con-
voluted with detector resolution.
To obtain the detector resolution, we use simulated
B0s ! J=c f02ð1525Þ decays where the J=c is forced to
decay into two muons and the f02ð1525Þ into two kaons.
The fitted MðKþKÞ distribution for the simulation is
shown in Fig. 15. Fixing the mass and natural width
parameters at their input values, M ¼ 1525 MeV and
0 ¼ 73 MeV, and using the range parameter [1] R ¼
5:0 GeV1, we obtain ðMÞ ¼ 22 1 MeV.
We fit the B0s signal yield versusMðKþKÞ from data, as
shown in Fig. 10, to an incoherent sum of the J ¼ 2
component and a constant continuum term. The result is
shown in Fig. 16. The fit yields 629 157f02ð1525Þ events
and 345 76 events for the constant term in the mass
range 1:4<MðKþKÞ< 1:7 GeV. The fraction of the
nonresonant term, assumed to be the S wave, in this
mass range is 0:35 0:09.
VIII. RATIO OF BðB0s ! J=c f 02ð1525ÞÞAND
BðB0s ! J=cÞ
To determine an absolute branching fraction for
the B0s ! J=c f02ð1525Þ decay, efficiencies, branching
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FIG. 13 (color online). The B0s mass distribution in five inter-
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fractions, and the cross section need to be known, as well as
the integrated luminosity. However, terms common to the
B0s ! J=c f02ð1525Þ and the B0s ! J=c branching frac-
tions cancel in their ratio. A measurement of the relative
branching fraction Rf0
2
= requires the yields of the two
decays, NB0s!J=c f02ð1525Þ and NB0s!J=c, and the reconstruc-
tion efficiencies of the two decay modes, "
B0s!J=c
reco and
"
B0s!J=c f02ð1525Þ
reco :
Rf0
2
= ¼ BðB
0
s ! J=c f02ð1525Þ; f02ð1525Þ ! KþKÞ
BðB0s ! J=c;! KþKÞ
¼ NB0s!J=c f02ð1525Þ  "
B0s!J=c
reco
NB0s!J=c  "
B0s!J=c f02ð1525Þ
reco
; (4)
where NB0s!J=c f02ð1525Þ is determined in the mass range
1:4<MðKþKÞ< 1:7 GeV and NB0s!J=c in the mass
range 1:01<MðKþKÞ< 1:03 GeV. The only difference
in the event selection for the two channels is the
MðKÞ> 1 GeV condition applied for the J=c f02ð1525Þ
candidates.
The yield of the B0s ! J=c decay is determined by
fitting the data, shown in Fig. 17, with a double Gaussian
function for the signal, a second-order polynomial for
background, and the reflection of the decay B0d ! J=cK
taken from simulations. The total number of B0s ! J=c
events is 4064 105.
We use simulated samples of the two decay processes to
determine the reconstruction efficiencies. For the decay
B0s ! J=c f02ð1525Þ the efficiency is measured to be
ð0:122 0:002Þ% and for the decay B0s ! J=c it is
ð0:149 0:002Þ% (where the uncertainties are due to
MC statistics), yielding Rf0
2
= ¼ 0:19 0:05ðstatÞ.
The denominator in Eq. (4) may include a contribution
from the KþK S wave, and no correction is made,
allowing the ratio to be recalculated for different S-wave
fraction inputs.
IX. SYSTEMATIC UNCERTAINTIES
The main contributions to systematic uncertainties are
summarized in Table I. They are evaluated as follows:
(i) K0ð1430Þ width: We vary the K0 width within its
uncertainty of 0.08 GeV [1].
(ii) K0ð1430Þ and K2ð1430Þ templates: We vary the
shape of the K0 and K2 templates by altering the
widths of the dominant Gaussian component within
statistical uncertainties.
(iii) Combinatorial background shape: As an alterna-
tive, we use a second-order polynomial to describe
the combinatorial background. We also vary the
fitting mass range from 5.25–5.70 to 5.2–5.8 GeV.
(iv) Signal shape: We vary the B0s mass scale within its
uncertainty in data of 0.08% and the width of the
core Gaussian component by 10%.
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FIG. 16 (color online). Fit to the B0s yield versusMðKþKÞ as
obtained in Fig. 10. The full fit to B0s ! J=cKþK includes a
f02ð1525Þ signal described by a relativistic Breit-Wigner and
nonresonant constant term for the S wave. The outer and inner
error bars correspond to the statistical uncertainties with and
without systematic uncertainties added in quadrature.
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FIG. 17 (color online). Invariant mass distribution of B0s can-
didates with ct > 200 m for events in the mass range 1:01<
MðKþKÞ< 1:03 GeV. A fit to a sum of a double Gaussian
B0s ! J=c signal (dashed-dotted line), a quadratic combina-
torial background (dotted line), and the reflection of the decay
B0 ! J=cKð892Þ (dashed line) is used to extract the B0s yield.
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FIG. 15 (color online). The MðKþKÞ distribution from the
simulation of the decay B0s ! J=c f02ð1525Þ fitted by the rela-
tivistic Breit-Wigner function [1].
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(v) Trigger efficiency: Due to the mass difference
between the f02ð1525Þ and  resonances, there is a
small difference between average muon momenta in
the two channels. Approximately 3% more J=c
events have a leading muon with pT > 15 GeV and
about 3% more J=c events have both muons with
pT > 3 GeV. We therefore estimate that there is
approximately a 3% difference in the fraction of
events that can be accepted by the trigger between
the J=c and J=c f02ð1520Þ signals. Trigger simu-
lations confirm this estimate. We apply the 3%
correction to Rf0
2
= and assign an absolute 3% sys-
tematic uncertainty.
(vi) MðKþKÞ dependence of efficiency: The
MðKþKÞ dependence of the efficiency for recon-
structing the f02ð1520Þ resonance is obtained from a
simulation. We assign a 2% uncertainty due to the
statistical precision of the MC sample.
(vii) Helicity dependence of efficiency: The B0s !
J=c signal acceptance is obtained from a MC
sample generated under the assumption that the
final state is not polarized, i.e., with the final state
distributed uniformly in helicity angle cosH. We
compare this signal acceptance with distributions
corresponding to pure helicity 0 and 1 and assign a
systematic uncertainty equal to the difference.
(viii) f02ð1525Þmass and natural width: The uncertainty
on the mass of the f02ð1525Þ resonance of 5 MeV
[1] leads to the uncertainty on Rf0
2
= of 3%, while
the uncertainty on the natural width of 6 MeV
leads to the uncertainty on Rf0
2
= of 0.7%.
(ix) B0s ! J=c signal shape: The B0s ! J=c signal
yield is sensitive to the signal mass model because
of the presence of the B0s ! J=cKð890Þ reflection
that peaks near the signal. We assign the systematic
uncertainty as one half of the difference between fit
results for single and double Gaussian distributions
for the signal mass model.
X. SUMMARYAND DISCUSSION
We confirm the observation of the decay B0s !
J=c f02ð1525Þ previously observed by the LHCb
Collaboration [3] and measure the ratio of branching frac-
tions of the decays B0s ! J=c f02ð1525Þ and B0s ! J=c
to be Rf02= ¼ 0:19 0:05ðstatÞ  0:04ðsystÞ. The fit to the
background-subtracted signal B0s ! J=cKþK, assuming
an incoherent sum of the J ¼ 2 resonance f02ð1525Þ and a
constant continuum term, assigns the fraction of 0:35
0:09 to the constant term. The fit to the helicity angle c in
the KþK rest frame finds the KþK resonance to be
consistent with J ¼ 2 with a fit probability of 0.27 and
preferred over J ¼ 0 or J ¼ 1, for which the fit probabil-
ities are 2:8 102 and 9:8 103, respectively.
ACKNOWLEDGMENTS
We thank the staffs at Fermilab and collaborating insti-
tutions, and acknowledge support from the DOE and
NSF (U.S.); CEA and CNRS/IN2P3 (France); MON,
Rosatom, and RFBR (Russia); CNPq, FAPERJ, FAPESP,
and FUNDUNESP (Brazil); DAE and DST (India);
Colciencias (Colombia); CONACyT (Mexico); NRF
(Korea); FOM (The Netherlands); STFC and the Royal
Society (U.K.); MSMT and GACR (Czech Republic);
BMBF and DFG (Germany); SFI (Ireland); The
Swedish Research Council (Sweden); and CAS and
CNSF (China).
[1] K. Nakamura et al. (Particle Data Group), J. Phys. G 37,
075021 (2010).
[2] J. Charles et al., Phys. Rev. D 84, 033005 (2011).
[3] R. Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 108,
151801 (2012).
[4] V.M. Abazov et al. (D0 Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 565, 463 (2006).
[5] R. Angstadt et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 622, 298 (2010).
[6] V.M. Abazov et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 552, 372 (2005).
[7] T. Sjo¨strand, S. Mrenna, and P. Scands, J. High Energy
Phys. 05 (2006) 026.
[8] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).
[9] B. Aubert et al., Phys. Rev. D 79, 112001 (2009).
[10] A. Datta, Y. Gao, A. Gritsan, D. London, M. Nagashima,
and A. Szynkman, Phys. Rev. D 77, 114025 (2008).
TABLE I. Sources of systematic relative uncertainty on Rf0
2
=.
Source Uncertainty (%)
K0ð1430Þ width 5
K0ð1430Þ and K2ð1430Þ templates 10
Combinatorial background shape 10
Signal shape 12
Trigger efficiency 3
MðKþKÞ dependence of efficiency 2
Helicity dependence of efficiency 3
f02ð1525Þ mass 3
f02ð1525Þ natural width 1
B0s ! J=c signal shape 4
Total 20
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